of the 19 strains used, and these retained the parental 0 type. Most series were characterized by a mutational step to a high degree of sensitivity to serum. Penicillin-resistant mutants of virulent S. typhimurium and S. enteritidis were less virulent than the parent strains; those which were very sensitive to serum usually showed the greatest loss of virulence. One class of mutants from S. enteritidis was sensitive to human serum but virulent for mice. We found that the mice lack bactericidal antibody against this strain and that immunization with it leads to a high degree of protection.
Strains of gram-negative enteric bacilli vary greatly in their sensitivity to the complementdependent bactericidal system of normal mammalian serum (Mackie and Finkelstein, 1931; Roantree and Rantz, 1960) . However, for any one strain, this quality is remarkably constant, and we have had no success in deriving serumresistant strains from "naturally" sensitive strains by use of active serum as the selective agent. Michael and Braun (1958) showed that sensitive strains might be derived from resistant ones. They isolated a series of penicillin-resistant mutants from strains of Shigella and Escherichia coli, and each mutant showed greater resistance to penicillin than its predecessor. A progressive shift toward sensitivity to serum was noted in each series, and the derived strains possessed the same somatic antigens as the parent strains.
Our interest in this technique was twofold. First, it would be convenient to be able to obtain serum-sensitive strains of any particular 0 type of E. coli or Salmonella so that antibodies to these strains could be measured by the very sensitive bactericidal method. Second, the comparison of the virulence of serum-resistant strains I Presented in part at the 63rd Annual Meeting of the American Society for Microbiology, Cleveland, Ohio, 5-9 May 1963. of Salmonella with their serum-sensitive mutants might show whether resistance to serum is a necessary quality for virulence.
The first part of the present study was devoted to discovering whether serum-sensitive strains which still retain the parental 0 type could be derived with regularity from serum-resistant strains of E. coli of various 0 types. The second portion was concerned with an investigation of the virulence for the mouse of the penicillinresistant mutant strains derived from virulent, serum-resistant strains of S. typhimurium and S. enteritidis.
MATERIALS AND METHODS Bacterial strains. Strains of E. coli were obtained from K. L. Vosti and L. A. Rantz of the Division the 0 antigenic factors showed it to have the antigenic formula 1,4,5,12. We obtained these antisera from B. A. D. Stocker, Lister Institute, London, England; they had originally been obtained from Joan Taylor of the Salmonella Reference Laboratory, Colindale, England. The antisera were diluted 1:10 or 1:20 in distilled water. The results can be considered only qualitative in nature, but they were specific in the positive tests because anti-04 and 05 did not agglutinate organisms of the S. enteritidis series, and anti-09 did not agglutinate those of the S. typhimurium series. An undiluted anti-019 serum agglutinated members of neither series. S. enteritidis 203 was received from the Division of Laboratories, California Department of Public Health. It possesses 0 antigens 9 and 12 and is virulent for mice.
Mice. Mature CF-1 mice of both sexes, obtained from Carworth Farms, New York, N.Y., were used for the determinations of LD5o and to supply serum.
Cutlture media. Brain Heart Infusion (Difco) broth and nutrient agar (Difco) were the basic culture media used throughout. Eosin methylene blue agar (EMB Agar, Difco) was employed when appropriate for colonial differentiation.
Serum. The serum for the bactericidal tests was obtained from healthy human donors. Blood was collected aseptically in sterile centrifuge bottles, allowed to stand at room temperature for about 1 hr, and then centrifuged for about 30 min. Serum was stored in convenient volumes at -14 C until just before use.
Mouse serum used as medium for growth curves was collected by pooling blood from at least 50 mice. The blood was treated as described above, and the serum was not inactivated because it is naturally inactive in bactericidal tests (Marcus, Esplin, and Donaldson, 1954) .
Derivation of mutants resistant to penicillin. A 0.1-ml amount of an overnight broth culture of each of the selected strains was spread on a gradient plate (Szybalski and Bryson, 1952) Table 4 . Bactericidal tests. Samples of the strains to be tested were thawed, and a loopful from each sample was used to inoculate tubes containing 4.5 ml of broth. After growth overnight, each culture was diluted decimally to 10-6 in 0.85% saline. The number of viable bacteria contained in 0.1 ml of the 10-6 dilution was determined by the pour-plate method; from these data, the sizes of the inocula were determined. To 0.1-ml portions of the 10-2 and 10-5 dilutions, 0.4-ml amounts of active human serum were added, and the suspensions were incubated at 37 C. The number of bacteria surviving in 0.1-ml portions of the suspensions was determined by colonial counts from platings made at 1 and 2 hr. For any given series of peni,illinresistant mutants derived from one strain, the tests were done on the same day with serum from the same donor.
Determination of virulence of bacteria for the mouse. Ten mature CF-1 mice housed together were each inoculated intraperitoneally with the same volume of one serial 10-fold dilution in saline of an overnight culture in broth. Sufficient 10-fold dilutions were used to permit the calculation of the LD5o for 30 days (Reed and Muench, 1938) . The LD5o, when greater than 100, is reported to the closest whole power of 10.
Determination of rates of growth of selected strains of Salmonella in mouse serum. Inocula of the order of 103 organisms in 0.2 ml of saline were added to 1.0-ml amounts of undiluted mouse serum. Platings to determine numbers of viable bacteria were made at zero-time and at hourly intervals up to 4, 5, or 6 hr. The tubes were shaken by hand immediately before the cultures were taken. The results of the survey to detect this mutation in a number of strains are shown in Table 2 . Six of seven strains of E. coli of differing 0 types showed the one-step conversion. The place of the mutational step in the series and the concentration of penicillin in the plate on which it was detected varied greatly. One of two Salmonella strains showed the same mode of conversion.
RESULTS

Derivation
Similar experiments with a-aminobenzylpenicillin used for the selection of mutants were carried out (Table 3) * Indicates mutational step at which conversion occurred or, if no conversion, last-step mutant tested. Last column contains concentrations of benzylpenicillin in the gradient plates upon which the mutants in the preceding column were isolated. the gradient plates, new sublines of mutants were begun from each to determine whether the step to a high degree of sensitivity to serum took place in each subline, and whether its occurrence could be predicted by colonial appearance. Such sublines are designated a, b, c, or d under the appropriate parent strain in Table 3 .
Eight of nine E. coli strains of types 04, 06, and 075 were successfully converted into strains highly sensitive to serum in one major step. In the sublines of CIO and C14, the early occurrence of this step in one subline did not predict its occurrence in the other. Some conversions, as in the sublines of ClI and C27, took place at widely separated mutational steps and were detected at very different concentrations of antibiotic. Some mutants from S. typhimurium 173 and S. enteritidis 203 derived on a-aminobenzylpenicillin were very sensitive to serum, as discussed below.
If one considers all the series of mutants derived on both kinds of penicillin, it is noteworthy that in five instances mutants highly sensitive to serum were detected on the first mutational step to penicillin resistance. Mutants derived from S. typhimurium 7 on either medium showed no such conversion to sensitivity to serum, despite the large number of mutants tested. Even the 12th-step mutant from this 632 Step strain showed only slightly more sensitivity to serum than did the original parent strain.
There seemed little difference between aaminobenzylpenicillin and benzylpenicillin in their roles as selective agents for the mutation to sensitivity to serum. Mutants to resistance to benzylpenicillin gained in resistance to a-aminobenzylpenicillin, and vice versa.
The serum-sensitive mutants from the strains of E. coli which could be typed initially showed, in every case, the same 0 type as that of the parent. Most were as easily typable as the parent strains, but two showed qualitatively weaker agglutination, and one strain developed a tendency to clump which made identification more difficult.
Alterations in virulence for the mouse. Series of mutants from S. typhimurium 173 and S. enteritidis 203 were suitable for studies of virulence for the mouse. The methods of derivation of the mutant strains and the data concerning their sensitivity to serum, resistance to a-aminobenzylpenicillin, mode of growth in broth, and virulence for mice are depicted in Fig. 1, 2 , and 3. Figure 1 shows the series of mutants obtained by serial passage of strain 173 upon gradient plates containing benzylpenicillin in the lower layer at the concentrations indicated. The plate upon which the fourth-step mutant, P4173, was inoculated yielded large (L) and small (S) types of colonies. One of each was picked to start the S and L sublines, but these did not differ greatly in sensitivity to serum. The first-step mutant, P'173 was nearly as resistant to serum as the parent strain. Its virulence for the mouse was significantly less than that of the parent, but it was still highly virulent. The second-step mutant strain, P2173, showed a great increase in sensitiv- ity to serum, and its LD50 for mice was of the order of 104 as compared with 102 for strain P1173.
Strains P3173, P6173S, and P6173L showed little, if any, further decrease in virulence. Strain P2173 gave rise to smooth colonies on nutrient agar and grew in suspension in broth, but it was only weakly agglutinated by antisera directed against the 0-antigenic factors 1, 4, 5, and 12. Figure 2 shows the derivation of three sublines from the same 173 parent strain by passage on a-aminobenzylpenicillin. Three different colonial types were evident on the first gradient plate, and the three sublines, a, b, and c, were started from one colony of each type. Lines b and c contain no mutant which showed a marked increase in sensitivity to serum, even though their sixth-6tep mutants showed a greater resistance to a-aminobenzylpenicillin than does that of line a. A more accurate method should be used, or more observations should be made, to determine whether the sixth-step mutants in the b and c lines were more sensitive to serum than the parent strain. The second-step mutant in line a, Br2173a, showed a major step toward sensitivity to serum, even though it did not quite meet the criterion of less than 0.1 % survival of 105 organisms. The third-stage mutant showed a characteristic growth in the bottom of the tube, and subsequent mutants in the series also showed this growth. Determinations of virulence for the sixth-step mutants only were attempted. The LD50 for line a was 107, the highest of any of the Salmonella mutants we have tested. The mutants representing the b and c lines were much less virulent than the parent strain and had LD5o values of 105 as compared with 102. Figure 3 depicts a series of mutants derived from S. enteritidis 203. In this group of experiments, a broth culture of strain 203 was started from a single colony. Two colonial types were noted on the first gradient plate containing aaminobenzylpenicillin, and, from a single colony of each of these, sublines a and b were initiated. Subline a consists of three mutants, none of which became highly sensitive to serum. The secondstep mutant, Br2203a, still retained most of the virulence characteristic of the parent strain. The first mutant in the b line showed a great increase in sensitivity to serum, a characteristic growth in the bottom of the tube, and a marked loss of virulence. Because this represented the first one-step mutant from a virulent strain which showed the conversion to sensitivity to serum, and because cumulative mutations to penicillin resistance were not involved, it seemed an appropriate candidate for more intensive study.
Two methods for the selection of a back-mutant were employed (Fig. 3) . A 0.1-ml amount of a 10-1 dilution of an overnight culture of strain Br'203b was subjected to the action of 1.0 ml of serum for 4 or 5 hr; this resulted in the reduction of an inoculum of about 106 per 0.1 ml to less than 50 organisms. One of these colonies was selected and grown in broth overnight. The procedure was then repeated with 0.1 ml of a 10-1 dilution of that culture. Although we have since employed more efficient methods, this technique demonstrated the stability of the mutant strain. The 10th strain isolated in this manner still had the same mode of growth in broth, resistance to a-aminobenzylpenicillin, sensitivity to serum, and low degree of virulence as the Br'203b strain. The 11th passage resulted in the selection of a strain which showed 10% survival of 102 organisms in serum; this strain was highly virulent. We had found earlier that Br'203b could be differentiated from the parent strain, 203, because it formed rougher and more translucent colonies on EMB Agar than did the latter. When this method was used to analyze the composition of the broth culture derived from the colony from the 11th passage, it was found that bacteria forming smooth colonies like those of the original 203 strain made up about 15% of the total population. These bacteria were the survivors of the test for sensitivity to serum; they grew in suspension in broth and, presumably, were responsible for virulence, because they were the type surviving in the mice dying from challenge with the culture as a whole. The remaining 80 to 85% of the culture formed rough-appearing colonies on EMB (like those of strain Br1203b), grew in the bottom when cultured in broth, and accounted for the degree of resistance to aaminobenzylpenicillin of the culture as a whole.
The data used to determine the resistance to a-aminobenzylpenicillin of the important strains in the 203 series are shown in Table 4 . The strain designated Br'203b ser 11-3 is one picked from a smooth colony on EMB Agar after the culture from the 11th passage had been streaked on it. This strain and the one isolated after the 12th passage through serum were indistinguishable from the original parent, 203, in resistance to serum, sensitivity to penicillin, and virulence for the mouse. t Number of colonies appearing.
Strain Br'203b grew in broth at the bottom of the tube, leaving an optically clear supernatant fluid. The second method used to select a backmutant was one in which a tiny loopful of broth from the surface of such a culture was inoculated into another tube of broth. After overnight incubation of this tube, the step was repeated. Each step in this series showed an increase in turbidity of the supernatant fluid and a decrease in the deposit at the bottom of the tube. The fourth step resulted in a culture which showed almost as little deposit as did strain 203. After one more passage, a single colony was selected and cultured in broth. The resulting strain is the one designated Br1203b6 in Fig. 3 . This strain could not be distinguished from strain 203 by its growth in broth or its colonial form on EMB Agar, but it was like strain Br'203b in its sensitivity to serum. The value for its resistance to a-aminobenzylpenicillin was intermediate to those for 203 and Br1203b. Since it was sensitive to serum, it was surprising to find it nearly as virulent for mice as the 203 strain. Both its sensitivity to serum and its virulence have been repeatedly confirmed.
These experiments, then, yielded two virulent strains; one was a serum-resistant back-mutant, probably identical with the original parent strain, and the other resembled the original strain in its mode of growth in broth but was sensitive to serum. For strains to have the degree of virulence possessed by these, considerable multiplication must occur in the mouse (Hobson, 1957) , which should therefore act as a selective agent by favoring the survival of the more virulent organisms. To determine what type of bacteria survived in the mice, the spleens of animals in extremis or very recently dead were homogenized and cultured on EMB Agar. The mice selected for this were those receiving the smaller inocula in the LD50 experiments. Colonies representing a diversity of colonial appearances were selected, and strains from these were tested for their sensitivity to serum and their mode of growth in broth.
When the culture derived from the colony from the 11th passage through serum was used as the challenge strain, the mice were effective selective agents for the virulent "smooth" type of bacteria which made up about 15% of the culture (Fig.  3 ). This conclusion is plausible because a special effort was made to select the colonies giving the roughest appearance on EMB Agar. Isolates from mice infected with strain Br1203b6 were not resistant to serum, so the virulence of this strain cannot be attributed to a minority of serumresistant organisms in the culture used for challenge. The passages through mice of strain Br'203b and the seemingly identical derivative strain obtained after 10 passages through serum resulted in the selection for strains which grew in suspension in broth, but not for serum-resistant organisms. Among those growing in suspension were strains which are like Br1203b6 in their virulence for mice.
Another group of experiments with S. enteritidis 203 was done to determine whether the first-step mutation to penicillin resistance, sensitivity to serum, and bottom-growth in broth could be detected frequently. A single colony of strain 203 was selected and grown in broth overnight. After this culture had been suitably diluted and plated on agar, each of three isolated colonies was used to initiate an overnight culture in broth. Each of the three cultures was plated, as usual, upon gradient plates containing 5 jig/ml of aaminobenzylpenicillin at the concentrated end. From the zones of inhibition of growth on these plates, colonies of various morphologies were picked and tested for mode of growth in broth. From one such culture, seven of nine colonies gave rise to cultures which were sensitive to serum and grew at the bottom in broth. Bottom-growing mutants were not discovered among 13 colonies selected from the other two cultures, but a strain similar to Br1203b6 was detected. It was very sensitive to serum, virulent for the mouse, and resistant to a-aminobenzylpenicillin at the 1.6 jAg/ml concentration.
Partial characterization of the Salmonella mutants. It seemed likely that some of the mutations associated with sensitivity to serum among the Salmonella strains were similar or identical to mutations to roughness, because of the mode of growth in broth exhibited by Br3173a and 636 Br'203b, and because their autoagglutinability or natural clumping did not allow identification by specific antisera. Furthermore, the P2173 strain was weakly agglutinable by antisera directed against the 1, 4, 5, and 12 antigenic factors even though P1173 and, oddly, P3173 were easily and specifically agglutinated.
B. W. Nelson in this laboratory is working with lipopolysaccharides of the cell walls of parent strains and derived serum-sensitive mutants. Acid hydrolysates of lipopolysaccharides obtained by the phenol-water method of Westphal, Luderitz, and Bister (1952) Curves representing the growth of S. typhimurium strain P3173 and its 173 parent showed a more pronounced lag period between the 0-and 2-hr counts for the P3173 strain in three of four curves constructed. However, generation times during the 2-to 4-hr periods were comparable. Final counts done in six separate tests at 6 hr showed no difference in numbers between the two strains representing more than one generation and favored each in three instances.
DISCUSSION
The finding of Michael and Braun (1958) that mutants to penicillin resistance among the Enterobactericeae become sensitive to serum without losing their characteristic 0 antigens was confirmed. We found that most serumresistant strains of E. coli and Salmonella could be converted to sensitivity to serum by this method, and that a one-step change to a high degree of such sensitivity could be recognized in most series.
As discussed below, it is likely that the mutations to penicillin resistance with which we are dealing depend upon an intrinsic change in the bacterium unrelated to the production of penicillinases. The production of penicillinases by the mutants was not investigated. It is possible that colonies producing penicillinase masked the presence of those showing the mutation to sensitivity to serum in series in which no such mutation was detected. It seems unlikely that the small, but consistently demonstrable, differences in penicillin resistance existing between the parents and mutants in the S. typhimurium 173 lines and the S. enteritidi8 203 line were caused by penicillinase production. The inocula used in these determinations were so small that, in effect, the penicillinase from a single organism would have to neutralize all the penicillin which could diffuse to its location through the agar.
Since the development of a high degree of sensitivity to serum occurred on the first-step mutation to penicillin resistance in series of mutants from five different strains, the former is not necessarily the result of cumulative mutations to penicillin resistance. That a single mutational event confers both resistance to penicillin and sensitivity to serum is further demonstrated by the isolation of a back-mutant in the S. enteritidis 203 series having properties identical to those of the original parent. Hotchkiss (1951) , using the pneumococcus, and Banic (1959), using Salmonella, showed that the small step-wise mutations to penicillin resistance which occur when mutants are derived in vitro represent separate mutational events occurring at different locations on the chromosome. The finding that one mutation or one class of mutations to penicillin resistance is characterized by a high degree of sensitivity to serum indicates that some of the steps to penicillin resistance can be thus defined. Thus, one should be able to map the locus for any particular strain by the appropriate genetic experiments. Among the mutations to penicillin resistance observed in the S. enteritidis 203 series, two are characteristic. One of these resulted in a serum-resistant strain which gave rise to mucoid colonies. This strain was not agglutinable in specific antisera. The other mutation resulted in an inability to form colonies on deoxycholatelactose-agar.
It is tempting to postulate, as did Michael and Braun (1958) , that the mutations to penicillin resistance resulting in increases in sensitivity to
